Abstract-Two challenges have been faced in signal processing of ultrahigh-resolution spaceborne synthetic aperture radar (SAR). The first challenge is constructing a precise range model, and the second one is to develop an efficient imaging algorithm since traditional algorithms fail to process ultrahigh-resolution spaceborne SAR data effectively. In this paper, a novel high-order imaging algorithm for high-resolution spaceborne SAR is presented. First, a modified equivalent squint range model (MESRM) is developed by introducing equivalent radar acceleration into the equivalent squint range model, and it is more suitable for highresolution spaceborne SAR. The signal model based on the MESRM is also presented. Second, a novel high-order imaging algorithm is derived. The insufficient pulse-repetition frequency problem is solved by an improved subaperture method, and accurate focusing is achieved through an extended hybrid correlation algorithm. Simulations are performed to validate the presented algorithm.
which poses many challenges for spaceborne SAR signal processing, particularly the imaging part.
For traditional spaceborne SAR systems, the integration time is less than 2 s, and the SAR motion can be well represented by the hyperbolic range equation model (HREM) or the equivalent squint range model (ESRM) [14] [15] [16] . Most of the classic SAR imaging algorithms, such as the range Doppler algorithm (RDA), the chirp scaling algorithm (CSA), the wavenumber domain algorithm (ωkA), and their variations, are all based on either HREM or ESRM. However, for ultrahigh-resolution spaceborne SAR systems, the much longer integration time will introduce significant phase errors in signal processing based on old range models. In order to solve this problem, Huang et al. proposed an advanced ESRM (A-ESRM) to describe the range history of medium earth orbit (MEO) SAR [17] , where an additional linear term is introduced into the conventional ESRM, so that it can handle the focusing issue of an azimuth resolution around 3 m, at altitudes ranging from 1000 to 10 000 km. However, the fourth and higher order phase errors could not be compensated in the A-ESRM. A fourth-order Doppler range model (DRM4) for spaceborne SAR imaging was proposed by Eldhuset [18] [19] [20] [21] , and a 2-D exact transfer function (ETF) was derived. Compared with the conventional hyperbolic range model, the third-and fourth-order phase errors can be fully compensated, and a better imaging result can be obtained. However, the model does not consider the effect of higher order phase errors, which limits its application in imaging processing. The method of series reversion (MSR) is another range model for spaceborne SAR imaging [22] , [23] , where the range equation is expressed by a series expansion, and its accuracy is dependent on the number of terms used. To meet the requirement of ultrahigh-resolution spaceborne SAR imaging, more than four terms in the expansion are needed, which results in a high-complexity system.
In order to describe the range history more accurately in the high-resolution case, a modified ESRM (MESRM) is proposed in this paper. The proposed model introduces equivalent radar acceleration into the ESRM. The range history can be accurately represented with an azimuth resolution up to 0.1 m. Based on the MESRM, a novel high-order imaging algorithm is presented for ultrahigh-resolution spaceborne SAR imaging, where improved subaperture processing is applied to remove azimuth aliasing, and accurate focusing is realized through an extended hybrid correlation algorithm. Extensive simulations are performed to show the significantly improved imaging 0196-2892 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. result. This paper is organized as follows: With a brief description of the ESRM, the MESRM is presented in Section II. The corresponding high-order imaging algorithm for high-resolution spaceborne SAR is developed in Section III. Simulation results are provided in Section IV, and conclusions are drawn in Section V.
II. MODIFIED RANGE AND SIGNAL MODELS

A. Conventional ESRM
The spaceborne SAR geometry in Earth-centered rotating coordinates is illustrated in Fig. 1 , where the actual path is represented by the black solid line, and the paths based on HREM and MESRM are denoted by the blue dotted line and red dashed lines, respectively. The ESRM approximates the actual path of the satellite as a straight line, and its range equation can be expressed as
where t is the azimuth time; r 0 is the slant range at Doppler center time; v 0 is the equivalent radar velocity between the scatterer and the SAR; ϕ 0 is the equivalent squint angle; f d represents the Doppler centroid frequency; f r represents the azimuth frequency modulation (FM) rate; and R, V, and A denote the position, velocity, and acceleration vectors, respectively. The subscript sat represents the satellite, and tar represents the ground target. It is clear from (1) and (2) that only the Doppler centroid and the azimuth FM rate are involved in the conventional ESRM, which is not sufficient for range history description of highresolution spaceborne SAR. As the integration time increases, the range deviation between the actual range history and the ESRM becomes significant. To show this, we perform a simple simulation with orbit and radar parameters listed in Section IV. The maximal phase error caused by range deviation as a function of azimuth resolution is given in Fig. 2 . The maximal phase error (blue solid line) caused by the conventional ESRM is greater than (π/4) (red dashed lines), when the azimuth resolution is smaller than 0.3 m. The resolution cannot meet the requirement of future applications, such as TerraSAR NG [12] . Therefore, a more accurate range model is needed.
B. MESRM
In order to improve the precision of the ESRM, the equivalent radar acceleration is introduced in the range equation, leading to the MESRM, as follows (note: the words "equivalent squint" is used to describe the effects of Earth's rotation):
where A 0 is the equivalent radar acceleration.
To facilitate the comparison, we expand (5) and obtain the following modified range equation:
where
4 . Differentiating (6) with respect to t, we have
where (10)
where f r3 denotes the rate of the azimuth FM rate; f r4 denotes its second-order derivative; A and A represent the rate of the acceleration vector and its second-order derivative, respectively. Based on (8) , the variables in (6) can be calculated by
From (6) and (13), it can be seen that the new model not only perfectly compensates the actual range history up to the quartic term but also partially compensates the higher order terms, which makes the MESRM more suitable for the ultrahighresolution case. To show the improved accuracy of the new range model, the phase errors caused by range deviation as a function of synthetic aperture time is provided in Fig. 3 , with orbit and radar parameters listed in Section IV. It can be clearly seen that the MESRM is more accurate than the ESRM and DRM4. Under the azimuth phase error criterion of 0.25π, the maximal synthetic aperture time for the ESRM and DRM4 is less than 9.6 s. However, with the proposed MESRM, the phase error is less than 0.06π even if the synthetic aperture time is up to 20 s. As a result, an azimuth resolution higher than 0.1 m can be achieved, which can meet the requirements of most future spaceborne SAR applications.
C. Signal Model
Based on the MESRM, after demodulation to baseband, the received signal for a point target can be described as
where σ 0 represents the scattering coefficient; ω r (·) and ω a (·) denote the antenna pattern functions in the range and azimuth directions, respectively; λ is the signal wavelength; c is the speed of light; K r is the range chirp rate; τ is the fast time; and t 0 is the Doppler center time. In order to obtain the 2-D point target spectrum (PTS) of the aforementioned echo expression, the principle of stationary phase and Fourier transformation is used. The 2-D PTS of the echo signal can be obtained as
where f τ is the range frequency, f a is the azimuth frequency, and t a (·) is the stationary point, obtained by solving the following equation:
Considering the complexity of the range model, it is difficult to find a closed-form solution for the stationary point. Fortunately, the additional high-order terms are small [24] . We ignore the effect of the cubic and quartic terms and use the stationary point of the ESRM to derive the 2-D PTS of the echo signal. The result is given by
In order to verify the accuracy of the 2-D spectrum, a simulation is performed, where the echo signal is compressed by the 2-D spectrum based on MESRM/ESRM/DRM4/A-ESRM. The impulse response widths (IRWs) (normalized to the theoretical value) with respect to azimuth resolution are plotted in Fig. 4 , and the peak sidelobe ratio (PSLR) results are given in Fig. 5 . We can see that the 2-D PTS of the MESRM is more accurate than others and an accurate signal spectrum can be obtained even if the azimuth resolution is up to 0.1 m, which can meet the requirement of high-resolution spaceborne SAR.
III. HIGH-ORDER IMAGING ALGORITHM
Based on the proposed signal model in Section II, a novel imaging algorithm is presented here. The time-frequency diagram at the reference slant range is illustrated in Fig. 6 , where B T denotes the azimuth bandwidth of the point target that is much higher than the pulse-repetition frequency (PRF); B wave is the instantaneous Doppler bandwidth; B a,steer is the Doppler bandwidth that results from beam steering.
For the imaging process, three problems emerge in the highresolution case. The first problem is the insufficient PRF [25] , [26] . In high-resolution spaceborne SAR, the steering of the antenna beam introduces extra bandwidth that may be several times the PRF. As a result, severe azimuth aliasing occurs, particularly in the case of ultrahigh resolution. The second problem is accurate focusing within the full swath [27] [28] [29] . As integration time increases with resolution, the space dependence of the 2-D point scatterer response becomes much more significant, which increases the difficulty for the following imaging process. The third problem is azimuth dimension folding in the focused domain [25] . After azimuth preprocessing, the azimuth sampling rate may increase, and the time scale may be compressed. As a result, image aliasing is likely to occur in azimuth.
Based on the aforementioned discussion, a novel high-order imaging algorithm is proposed here. The block diagram of our proposed algorithm is shown in Fig. 7 . There are three parts: the first part is azimuth preprocessing, which is used to remove azimuth aliasing; the second part is high precision focusing within the full swath; the last part is resampling processing, which solves azimuth folding in the focused domain. In the following, details of the basic operations are provided according to the signal flow in the diagram.
A. Azimuth Preprocessing
To remove azimuth aliasing, two methods are usually adopted: the two-step processing method [30] [31] [32] and the subaperture method [15] , [25] , [33] . The key point of the twostep processing method is that the convolution operation can be realized by two complex multiplications and one fast Fourier transform (FFT) in the discrete domain. Then, azimuth aliasing can be avoided by scaling processing. However, in order to preserve the space variant characteristics of the signal, the reference function should be range independent, which will introduce extra residual azimuth bandwidth B residual , which is given by [32] 
where T s is the echo acquisition time; B r is the transmitted bandwidth; θ b is the beam width; v s is the velocity of the SAR sensor; and H f denotes the hybrid factor, which is expressed as
with r rot being the distance from the rotation point to the SAR sensor at Doppler center time.
According to (19) , B residual is proportional to the transmitted bandwidth. With a large transmitted bandwidth, B residual will also lead to azimuth aliasing. Therefore, the two-step processing method is not suitable for the ultrahigh-resolution case.
For the subaperture method, it divides the raw data into separate blocks with the original range but smaller azimuth extension at the beginning of the processing in the 2-D time domain [15] . After subaperture partition, the block bandwidth can be expressed as
where B a,v is the variation of the Doppler centroid from the near to far range, f d,k is the Doppler centroid frequency of the kth subaperture, f r,rot is the slope of the varying Doppler centroid introduced by beam steering, and T sub is the size of the subaperture. In the traditional subaperture method, a subaperture azimuth FFT is performed after subaperture partition. To avoid aliasing, the size (in seconds) of the subaperture should meet the following condition [25] :
where f prf denotes the PRF. According to (21) and (22), the size of the subaperture decreases with an increase in the transmitted bandwidth, reducing the efficiency of subaperture processing. In order to reduce the effect of the transmitted bandwidth, a "nonlinear shift method" is introduced to remove B a,v from (22) for a higher processing efficiency in [26] . After subaperture partition, the echo signal is transformed to the range frequency domain by a range FFT. Then, nonlinear shift filtering is performed, with the filter function given by
where N burst denotes the azimuth pixel number of the subaperture, and · is the rounding operation, which is used to ensure that the frequency shift is an integer multiple of the sampling interval, and then, the nonlinear shift filtering can be compensated by spectrum shifting. Next, a subaperture azimuth FFT is performed for a transformation into the 2-D frequency domain. Before subaperture recombination, the different azimuth time shifts in the subapertures have to be equalized by multiplying with the function H 2 (f τ , k), as follows:
where t a,k is the center time of the kth subaperture. Then, the individual subapertures can be combined together, and the 2-D signal spectrum data are obtained in a discrete form without aliasing in the azimuth direction.
B. Data Focusing
Regarding the focusing operation of spaceborne SAR, many algorithms have been proposed, such as CSA, RDA, FSA, and ωkA, etc. [34] [35] [36] [37] [38] . However, they are not applicable to the ultrahigh-resolution case due to the complexity and space dependence of the 2-D PTS. The hybrid correlation algorithm is a simple imaging algorithm [39] , where the reconstructed image is obtained by performing a 2-D correlation between the echo signal and the complex conjugate of the reference function. However, with an increase in the range cell migration (RCM), its efficiency rapidly decreases. Therefore, the conventional hybrid correlation algorithm is not suitable for the ultrahighresolution case either. Here, an extended hybrid correlation algorithm is proposed. A coarse focusing step is introduced to reduce the effects caused by the RCM, and then, further refined focusing is performed by 2-D correlation. The steps of the extended hybrid correlation algorithm are described as follows.
It starts with the azimuth reference function multiplication (RFM) in the 2-D frequency domain to remove the RCM, azimuth modulation, and high-order cross-coupling at the reference slant range. The reference function is given by After performing the range inverse FFT (IFFT), the RCM, azimuth modulation, and cross-coupling at the reference slant range are corrected. However, for the other range bins, some residual RCM and second-order cross-coupling are still present, which means that a longer correlation window in the range direction should be used for further refined focusing. To improve the efficiency of the imaging algorithm, range cubic phase filter processing is introduced.
Similar to the chirp scaling principle, when a chirp signal multiplies with a cubic phase function, a small change in FM rate would be introduced, which is proportional to the position deviation of targets. If the change in FM rate introduced by the range cubic phase filter processing is equal to the deviation of the range FM rate at different range bins, the coarse focusing within the full swath can then be realized. Suppose that the range cubic phase function is given by
After the range cubic phase filtering operation, the new FM rate can be rewritten as follows:
For K r,rn (f a ; r 0 ) to be equal to K r , A(f a ; r ref ) should be selected as follows:
Next, a range FFT is applied for a transformation back to the 2-D frequency domain, and range matched filtering is employed to remove range modulation. The reference function is given by
After the range IFFT, range compression is performed, and the RCM at the reference range is completely corrected. The following step is hybrid correlation processing, which is used to correct the residual RCM in the range Doppler domain. The reconstructed image is obtained by 2-D correlation between the echo signal and the complex conjugate of the reference function. With completed range compression for all targets, a sliding window in the range direction is applied to reduce the effect of residual RCM. The offset of the correlation window is determined by the residual RCM ΔR res (f a ; r 0 ), which, at the slant range r 0 , is given by
In order to obtain an accurate result, a correlation window with sixteen points in the range direction is suggested for the high-resolution case. The signal after hybrid correlation processing can be expressed as
where n is the length of the correlation function in the range direction; f s is the range sampling rate; IF T R {·} denotes the range inverse Fourier transform (FT); and H * 6 (·) is the 2-D range-dependent azimuth response function at the slant range r 0 , which is given by 
The first exponential term in (34) is used to compensate the offset of the correlation window. The second and third exponential terms are introduced to compensate the residual high-order phase error. The range cubic phase filtering is compensated by the next three exponential terms. After hybrid correlation processing, the residual RCM and the residual phase error are completely corrected.
C. Resampling
Due to subaperture processing in azimuth, aliasing is likely to occur after the azimuth inverse FFT. To avoid aliasing, the azimuth swath should meet the following condition [40] :
where Sw a denotes the swath width in the azimuth direction, v g is the velocity of the antenna beam on the ground, and T 1 is the azimuth time of the final image. However, in most cases, the aforementioned equation cannot be satisfied. Therefore, an azimuth resampling operation is applied to overcome the constraint on the azimuth swath in (37) [40] . The operation begins with derotation processing, with the derotation phase function given by
After the azimuth inverse FFT, quadric phase multiplication is introduced to compensate the residual quadric phase. Then, the image is obtained by azimuth IFFT. The quadric phase function is given by 
IV. SIMULATIONS AND ANALYSES
Here, simulations are performed to first verify the accuracy of the range cubic phase filter processing. Then, the performance of the proposed imaging algorithm is demonstrated. The simulation parameters are listed in Table I .
A. Validation of the Range Cubic Phase Filter
There are two steps in the focusing process of the proposed imaging algorithm: coarse focusing using RFM and further refined focusing by the hybrid correlation processing. However, considering the range dependence of the 2-D PTS, there is a clear defocusing phenomenon at the edge of swath for ultrahigh-resolution spaceborne SAR, as shown in Fig. 8 . This means that a longer correlation window in the range direction should be used for further refined focusing, which will reduce the efficiency of the imaging algorithm. The range cubic phase filter is used to compensate the effect caused by the range dependence of the 2-D PTS, and then, the coarse focusing within the full swath can be realized by the RFM. In order to verify the validity of the range cubic phase filter processing, the echo signal of the edge target after the range cubic phase filter is compressed by the reference function in (31) . The compression result is shown in Fig. 9 . It can be seen that, after the range cubic phase filter, coarse focusing can be realized by the RFM.
Another approximation of the algorithm is in the derivation of (34) , where the deviation of the stationary point caused by H 4 (τ, f a ; R ref ) is ignored. To assess the effect of this approximation, the echo signal after the range cubic phase filtering is compressed by the reference function in (34) . The IRW (normalized to the theoretical value) with respect to the transmitted bandwidth is shown in Fig. 10 , and the PSLR result with respect to the transmitted bandwidth is shown in Fig. 11 . The change of both IRW and PSLR is less than 1%. Hence, the effect of the approximation in the derivation of (34) is extremely small and can be ignored in the following processing.
B. Simulation for the Imaging Algorithm
The simulated scene is shown in Fig. 12 , where the distances of different targets along the range and azimuth are 10.0 km and 2.0 km, respectively. First, the focused results of the nonlinear chirp scaling (NCS) algorithm and the ωkA are shown in Fig. 13 and Fig. 14 for comparison , where the ESRM is used and the corresponding parameters are calculated, according to (2) , for each range bin. It can be seen that the focused results suffer from severe degradation, particularly those at the top and bottom sides of the scene. Fig. 15 shows the focused result based on our proposed algorithm. The interpolated contours of PT3, PT5, and PT7 are presented in Fig. 16 , to evaluate the image quality. Compared to the NCS algorithm result and the ωkA result, the focusing performance has been improved significantly. All of the targets are well compressed by the proposed method. To quantify the focusing performance, the point target analysis results are listed in Table II , where the ideal PSLR and the integrated sidelobe ratio (ISLR) are 13.26 dB and 9.68 dB, respectively, using the rectangular window. The theoretical resolution is calculated according to the following equation: 
where A L is the antenna length. According to Table II , it can be seen that the deterioration of the IRW in the range direction is less than 1% and that in the azimuth direction is less than 2%. The PSLRs show less than 3% degradation in both the azimuth and range directions. All these indicate that the corresponding focusing algorithm can meet the imaging requirement of the high-resolution spaceborne SAR effectively.
Location is another index to evaluate the performance of imaging algorithms. Table III shows the position deviations of all targets after being compressed, where the slant-range imaging plane is taken as the reference plane. We can see that the position deviation in both the range and azimuth directions is less than 0.05 m, showing high location accuracy for our proposed algorithm. For ultrahigh-resolution spaceborne SAR, a novel high-order range equation model called MERSM has been proposed in this paper, which accounts well for actual range history variations up to the quartic term, by incorporating equivalent radar acceleration into the ESRM. As a result, a higher azimuth resolution can be accommodated by this model. Furthermore, the signal model, as well as PTS, has been provided. Based on the signal model, a high-order imaging algorithm has been developed, where improved subaperture processing is introduced to remove azimuth aliasing, and accurate focusing is achieved by an extended hybrid correlation algorithm. Simulation results have been provided to verify the effectiveness of the proposed model and the corresponding imaging algorithm.
